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a b s t r a c t
In lithium–sulfur (Li–S) batteries, during discharge, solid sulfur (S8(s)) gets dissolved
and undergoes successive reduction and finally precipitates as lithium sulfide (Li2S)
in a typical carbon-based, porous cathode. Deposition of Li2S leads to 80% volume
expansion compared to solid S8(s). During the dissolution–precipitation process, the total
volume change of the electrolyte in the pore space can be attributed to two factors: (a)
precipitation/dissolution of the solid sulfur phase; and (b) the cathode microstructure
shrinks or swells to accommodate the changes in the pore volume resulting from the
electrolyte induced hydrostatic pressure. Current lithium–sulfur performance models
neglect this contribution. In this work, a computational methodology has been developed
to quantify the impact of precipitation induced volume change, pore morphology and
confinement attributes in a Li–S cathode. Impact of volume expansion on cell voltage
has also been analyzed using a performance model. It is found that the poromechanical
interaction significantly affects the second voltage plateau. Cathode microstructures with
relatively smaller pores tend to experience less volume expansion, for the same operating
conditions. It has been found that non-uniform precipitation may lead to significant pore
confinement, which has the potential to cause microcrack formation in the pore walls of a
typical carbon-based cathode microstructure.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Sulfur based cathode materials provide a promising
alternative for the next generation lithium batteries due
to their large specific capacity (theoretical value of 1675
mAh/g of S8(s)) and high energy density (∼500 Wh/kg) as
compared to the intercalation chemistry based lithium-ion
batteries (∼150Wh/kg) [1]. This improved energy density
arises from the fact that each mole of sulfur (S8) reacts
with sixteen moles of electron [2]. Once the chemistry
is made practical, the lithium–sulfur based cells have
the potential to be light-weight, cheaper and long-term
solution due to abundance of sulfur in earth’s crust. Thus
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2352-4316/© 2016 Elsevier Ltd. All rights reserved.these lithium–sulfur based cells can significantly increase
the range experienced by electric vehicles, and in turn
make the dream of affordable electric vehicles a reality [3].
However, at present the lithium–sulfur cells display
modest cycle life only under low power and low rates of
operation [1]. The complications and limitations arise due
to heterophasemultistep chemical and electrochemical re-
actions experienced by sulfur molecules (S8(s) → S8(l) →
S2−8 → S2−6 → S2−4 → S2−2 → S2−) [4]. Also shuttling
of the long-chain polysulfides from the cathode to the an-
ode and reactionwith the lithium film not only reduces the
effective capacity of the cell, but also forms a passivating
layer on lithiumanode,which can significantly increase the
anode overpotential [5–7]. A cetyl-trimethyl ammonium
bromide (CTAB)modified sulfur graphene oxide nanocom-
posite cathode was reported to mitigate the capacity fade
due to shuttle mechanism to a significant extent [8]. Depo-
sition of insoluble lithium-sulfides on top of pristine solid
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rial (solid sulfur S8(s) and carbon substrate, in the present
case) and result in capacity fade at higher rates of opera-
tion [9].
During the discharge of a lithium–sulfur battery,
lithium from the anode oxidize and dissolve into the elec-
trolyte (Li→ Li+ + e−). These lithium ions diffuse and/or
migrate to the cathode and bond with sulfide ions (S2−n ) to
create lithiumpolysulfides (Li2Sn) [10]. Overpotential asso-
ciated with each of the reactions dictate the voltage of the
cell [11]. The long chain polysulfides (Li2Sn: n ≥ 4) are sol-
uble in the organic electrolyte as compared to short chain
polysulfides (Li2Sn: n < 4) [1,12]. Twomajor lithium poly-
sulfides that can precipitate are the Li2S2(s) and Li2S(s) [2].
However, the presence of Li2S2 as a precipitate has not
been observed using X-ray absorption spectroscopy [13].
Hence, majority of the discharge product precipitation is
assumed to be Li2S. Li2S precipitation takes place at cath-
ode–electrolyte interface. The partial molar volume of Li2S
is 2.768 × 10−5 m3/mol, whereas, the partial molar vol-
ume of solid sulfur (S8(s)) is 1.239× 10−4 m3/mol. Consid-
ering that eachmole of solid sulfur can dissociate into eight
moles of Li2S, complete conversion of one mole of S8(s) to
Li2S(s), occupies 76% extra space [4].
The cathode material is influenced due to this volume
change in two different ways:
(a) Pore space available to the electrolyte decreases.
(b) The entire electrode expands to make room for the
excessive amount of precipitates, thus increasing the
total volume of the electrode, which results in smaller
magnitude of porosity reduction experienced by the
electrolyte [14,15].
To explain this phenomenon, as an example, let us
suppose 100 µm3 amount of Li2S precipitates during
the discharge process. The existing computational models
assume that the change in pore volume available to the
electrolyte is also 100µm3 [2,16]. In the present study, the
authors argue that if 100 µm3 amount of Li2S precipitates,
the cathode microstructure will also expand by some
amount, say 30 µm3, to maintain mechanical equilibrium
with the surrounding materials. Hence the reduction in
pore space available to the electrolyte is only 100 − 30 =
70 µm3. The pore volume available to the electrolyte
decreases, but the magnitude of porosity reduction is less.
All the lithium–sulfur cell performance models developed
till date approximates the electrolyte volume change
as a combination of the solid sulfur dissolution and
lithium polysulfide precipitation [2,6,10,16–18]. Impact of
mechanical volume expansion on the overall electrolyte
porosity, and hence, performance of the lithium–sulfur
cell, has not been analyzed yet. In this context, the term
‘‘mechanical volume expansion’’ indicates the change in
total volume of the cathode microstructure due to some
externally applied load. Since precipitation/deposition and
dissolution are chemical processes, porosity change due to
those mechanisms cannot be categorized as ‘‘mechanical
volume change’’. The phenomenon that precipitation of
lithium sulfide induces significant amount of volume
expansion of the cathode, has beenwidely accepted [4,19].
Experimental studies also indicated that for pouch typelithium–sulfur cells, there could be approximately 22%
precipitation induced thickness expansion of the cathode
material during the discharge process [20]. Hence it is very
important to study the impact of cathode volume change
on the performance of lithium–sulfur cell.
In the present article, a computational methodology
is developed which is capable of capturing the volume
contraction and expansion during the dissolution of solid
sulfur and precipitation of lithium sulfide molecules. To
correctly quantify the change in volume of the electrolyte
during dissolution and/or precipitation, the following
assumptions have been incorporated:
i. In the present study, a coin cell type configurationhas
been approximated (see Fig. 1(a)). After sealing the
cell, it is completely filled with electrolyte. Some of
the electrolyte lies inside the cathode microstructure,
and some other resides outside cathode but within the
metallic casing.
ii. It has been assumed that during dissolution–precipita-
tion process, electrolyte inside the cathodemicrostruc-
ture experiences the change in internal pressure.
iii. The electrolyte that exists outside the cathode stays
at a fixed pressure (equal to the initial pressure
experienced during fabrication).
iv. During dissolution/precipitation process, the change in
equilibrium volume of the electrolyte may not be same
as the change in microstructure pore size. However, it
can be argued that the change in electrolyte volume
will be directly proportional to the change in pore
size of the cathode microstructure. The proportionality
constant can be written as a function of the bulk
modulus of the electrolyte and the Young’s modulus of
the cathode substrate.
v. Volume of the electrolyte does not change significantly
during dissolution of the polysulfides.
vi. Solid sulfur (S8(s)) and precipitated lithium-sulfide
(Li2S(s)) exists in a powder like state that display neg-
ligible elastic modulus. Hence, the effect of these two
chemical species has been neglected while construct-
ing the effective stiffness matrix of the cathode mi-
crostructure.
vii. Expansion of the carbon cathode substrate has been as-
sumed to occur within the space available inside the
cell walls. Hence, contribution of the mechanical com-
pliance of coin cell material on the overall stiffness of
cathode microstructure (to find dissolution/deposition
induce expansion) can be approximated as zero.
Impact of mechanical volume change on the overall cell
performance is analyzed based on a zero dimensional (0-D)
lithium–sulfur performance model [16,21]. The mechani-
cal volume expansion is a microstructure dependent phe-
nomenon. Hence, the impact of different pore sizes on the
cell performance is investigated. Also, the mechanical sta-
bility of different cathode microstructures is analyzed un-
der the influence of non-uniform precipitation or pore-
confinement effect. The word ‘‘poromechanical’’ used in
thiswork indicates that a newcomputationalmethodology
has been developed, which analyzes themechanical defor-
mation and stress response at the pore scale in a porous
electrode microstructure.
P. Barai et al. / Extreme Mechanics Letters 9 (2016) 359–370 361Fig. 1. (a) Schematic diagramof the Li–S cell sandwichwith relative position of the lithium foil, separator, cathode, spacer spring and cap. It is assumed that
the entire cell is filled with electrolyte. (b) 3D reconstruction of the carbon cathode microstructure. (c) Cross sectional view of the cathode microstructure
containing spherical pores. The four zoomed-in images indicate the different pore size distributions possible within the same cathode microstructure.
These porous microstructures have been used in the mechanical simulations. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)2. Methodology
The coin cell configuration adopted in the present
study is schematically shown in Fig. 1(a). The anode is
assumed to be a lithium foil and the cathode is a porous
carbon microstructure. An infinitesimally thin separator
is assumed to exist in between the anode and cathode,
which does not affect the electrochemical reaction. There
is a spacer on the other side of the cathode, which is
connected to the cap via a spring. The cap, spring and
spacer keep the cathode microstructure in a pressurized
state along the axial direction. Hence, the thickness of the
carbonmicrostructure can be assumed constant. However,
due to the gap between the cathode and the cell wall, the
carbonmicrostructure can expand (during precipitation of
lithium sulfide) and/or contract (at the time of dissolution
of solid sulfur) along the lateral direction. This gives
rise to a plane strain configuration and facilitates a two-
dimensional analysis of the cathode microstructure for
estimation of expansion, contraction and rupture of the
carbon substrate.
Fig. 1(b) shows a three-dimensional reconstruction of
the carbon cathode microstructure (grey region) along
with the electrolyte (blue portion). The representative
3D electrode structure has been generated based on a
stochastic reconstruction method [22]. Length of each side
of this 3D reconstructed microstructure is approximately
50 µm. However, the pores analyzed in the present study
have not beendirectly adopted from the 3D reconstruction,which is shown as an illustrative example. The purpose of
the reconstruction is to provide a basis for the different
pore sizes, typical of mesoporous carbon-based cathode
microstructures [23], considered in the present study. The
carbon substrate is allowed to expand in the empty space
available between the porous cathode and the cell casing.
Since the carbon cathode is assumed to have a porous
microstructure, it potentially holds pores of different shape
and size. In the present study, it has been assumed that the
pores are spherical in shape and can be of different sizes.
Fig. 1(c) represents the cross section of a cathode with
pores of different radius. Schematic diagram of different
representative volume elements (RVEs) extracted from the
cathodemicrostructure has beendemonstrated in Fig. 1(b).
Different RVEs are approximated to display various pore
sizes, which ranges between 3.2 and 14.3 µm in radius
(also presented in Fig. 1(c)). Pore volume fraction for the
RVEs has been assumed to be slightly lower than the
global average to ensuremechanical stability of the carbon
cathode microstructure.
In the present study, performance of lithium–sulfur
batteries under low rates of operation will be analyzed
(≤1 C). Dissolution of solid sulfur and precipitation of
Li2S(s) at cathode–electrolyte interface has been assumed
uniform along the thickness of the cathode. Due to low
discharge rates under investigation, transport limitations
are insignificant, and hence a zero-dimensional perfor-
mance model is sufficient to analyze the cell voltage dur-
ing the discharge. Usage of a lumped performance model
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as compared to one-dimensional techniques that solves
for the variation in voltage along the thickness direction
[2,10,17,18]. The computational methodology adopted to
calculate themechanical expansion as well as estimate the
voltage will be briefly described below.
Voltage modeling: The zero-dimensional model pre-
sented by Zhang et al. [16] has been adopted to es-
timate the voltage during the discharge process of a
lithium–sulfur cell under low rates of operation. The dis-
solved sulfur (S8(l)) is assumed to go through a five-step
reduction process (S8(l) → S2−8 → S2−6 → S2−4 →
S2−2 → S2−) as reported in several literatures [2,10,16–18].
Dissolution of solid sulfur and precipitation of only Li2S
has been assumed. Precipitations of other polysulfides are
not taken into consideration due to their relatively higher
solubility [2,16,21]. Here we assume that the potential at
the lithium foil is zero (Li/Li+) and the reaction is fast
enough to ensure negligibly small magnitude of overpo-
tential at the anode surface. The cell voltage (Vcell) is es-
timated as [16,21]:
Vcell = φs − IRcell and φs = Ei + ηi. (1)
Here, φs is the cathode potential, Ei’s are the reduction po-
tentials of the five different reduction reactions that the
sulfur molecule goes through and ηi’s signify the activa-
tion overpotential for all those five reactions. Here, I sig-
nifies the applied current and Rcell indicates the resistance
exerted by the electrolyte against transport of lithium ions.
The reduction potentials (Ei) are estimated from theNernst
equations [2,16] and the overpotentials (ηi) are calculated
by solving the nonlinear Butler–Volmer equation as pro-
vided below [2]:
ji = ji0,ref

ca
ca,ref
sa
exp

Fηi
2RT

−

cc
cc,ref
sc
exp

− Fηi
2RT

. (2)
Here, ji is the reaction current for the ith reaction, ji0,ref is
the exchange current density for the ith reaction, ca is the
concentration of the anodic species, cc is the concentration
of the cathodic species, sa is the stoichiometry of the an-
odic species participating in the electrochemical reaction,
sc is the stoichiometry of the cathodic species participating
in the electrochemical reaction, F is the Faraday constant, R
is the universal gas constant and T is the ambient tempera-
ture. In the present context, the entire reaction is assumed
to occur at room temperature and under isothermal con-
ditions. To maintain charge neutrality, the following equa-
tion has been assumed to hold at every time instant [16]:
av (j1 + j2 + j3 + j4 + j5) = IAl . (3)
Here, av is the specific surface area, A is the cross-sectional
area of the electrode and l indicates the thickness of the
cathode. Eqs. (1)–(3) have been solved in a coupled fashion
to estimate the correct value of the cathode potential φs.
Variation in concentration of different sulfide species
within the cathode microstructure is estimated fromFaraday’s law [16]. Resistance induced by the electrolyte
against the transport of lithium ions (Li+) can be estimated
as:
Rcell = lAσ and σ =

ϵ
ϵ0
3 
σ0 − b
cLi+ − cLi+,0 (4)
where, σ is the conductivity of the overall electrolyte, ϵ is
the porosity available to the electrolyte, σ0 indicates the
maximum conductivity at the lithium concentration cLi+,0
and cLi+ signifies the concentration of lithium ion within
the electrolyte at the present state. The applied current
is indicated by I which is a function of c-rate. For the
present analysis 1 C is assumed to be equivalent to 6.5 A.
The specific electrochemical surface area varies with the
electrolyte porosity according to the following expression:
av = av,0

ϵ
ϵ0
ξ
(5)
where, av,0 and ϵ0 indicates the initial specific surface area
and porosity, respectively, and ξ is a power law exponent.
Porosity evolution: Modeling the variation in electrolyte
porosity is an important aspect for the present study. It has
been assumed that the total change in electrolyte porosity
canbedivided into twoparts: (a)Dissolution–precipitation
induced change in porosity

1ϵdis/precip

, and, (b) Mechani-
cal volume expansion induced change in porosity (1ϵmech).
dϵ
dt
= 1ϵdis/precip +1ϵmech. (6)
The dissolution–precipitation induced change in porosity
can also be divided into dissolution-induced increase in
electrolyte porosity and precipitation-induced decrease in
pore volume fraction [2,16].
1ϵdis/precip = VS8(s)kS8(s)ϵS8(s)

cS8(l) − Ksp,S8(s)

+ VLi2S(s)kLi2S(s)ϵLi2S(s)

c2Li+cS2− − Ksp,Li2S(s)

. (7)
Here, VS8(s) and VLi2S(s) are the partial molar volume of the
solid sulfur and lithium sulfide precipitate, kS8(s) and kLi2S(s)
are the reaction constant for the solid sulfur dissolution
and lithium sulfide precipitate reaction, ϵS8(s) and ϵLi2S(s)
are the volume fractions of solid sulfur and lithium sulfide
precipitate, Ksp,S8(s) and Ksp,Li2S(s) are the solubility product
of solid sulfur and Li2S precipitate, respectively. Estimation
of the mechanical volume expansion (1ϵmech) is the focus
of this article and the equations used to evaluate the extent
of mechanical expansion will be discussed next.
Mechanical volume expansion: Before getting into the
derivation for the expression ofmechanical volume expan-
sion, the cause of mechanical expansion should be well
understood. As shown in Fig. 1(a), during the assembly of
a cell, the carbon cathode microstructure (along with the
sulfur coating) is in equilibriumwith the surrounding. Dur-
ing dissolution of solid sulfur (S8(s)), the internal pressure
of the electrolyte located inside the cathode decreases, but
the external pressure of the electrolyte remains the same.
To maintain equilibrium the carbon microstructure con-
tracts inward, and the extra external pressure is accommo-
dated by the deformation of carbon. Similarly, during pre-
cipitation of lithium sulfide (Li2S(s)), the internal pressure
P. Barai et al. / Extreme Mechanics Letters 9 (2016) 359–370 363Fig. 2. (a) The mesh used in the computational analysis of the single pore microstructure. During dissolution compressive stress acts, whereas, at the
time of precipitation tensile hydrostatic stress act on the pore walls. (b) Variation in microstructure porosity during discharge of a lithium–sulfur cell at
C/4 rate. Three regimes where hydrostatic compression, relaxation and tension acts, has been clearly shown in the figure. Cell porosity with and without
mechanical expansion is indicated using the solid and dashed line, respectively. The shape of the pore during medium compression, large compression,
medium tension and large tension are shown by A, B, C and D, respectively. The corresponding change in porosity due to mechanical expansion is also
provided. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)of electrolyte present within the cathode microstructure
increases as compared to the external component. Hence,
the carbon microstructure expands outward to accommo-
date the imbalance in mechanical pressure induced force.
Deformation of the carbon cathode due to this variation in
internal pressure of the electrolyte can bemodeled as a dis-
tribution of surface force on the inner walls of the cathode
microstructure (see Fig. 2(a) for a schematic representa-
tion). The surface force act inward if the internal pressure
of electrolyte is smaller than the external pressure, which
is observed during the dissolution of solid sulfur. The sur-
face force acts outward during the precipitation process
where the internal electrolyte pressure is larger in magni-
tude than the external electrolyte pressure. To estimate the
magnitude of pressure

1pprecip

, we assume that the elec-
trolyte is compressible and the applied pressure is directly
proportional to the dissolution/precipitation induced vol-
umetric strain

1ϵdis/precip

. The proportionality constant
turns out to be nothing but the bulk modulus of the elec-
trolyte (Belec).
1pprecip = Belec ·1ϵdis/precip. (8)
This precipitation induced pressure acts as surface force on
the pore walls, and the cathode microstructure contracts
during dissolution and expands during the precipitation
process.During this contraction–expansion of the cathode
microstructure, it develops mechanical stresses that can
eventually lead to fracture of the pore walls. To estimate
the extent of mechanical degradation, we have used
a lattice spring based methodology that is capable of
capturing both large deformation as well as microcrack
formation. This lattice spring methodology was originally
developed to understand the microcrack formation with
graphite active particles [24,25]. Later on it has been
extended to capture the large volume expansion induced
mechanical degradation of high capacity anode materials
(Si, Sn) [26]. The governing virtual work expression
adopted to solve this problem is [27]:
tV
t+1t
tS ijδt+1t tεijdtV −

tA
t+1t
tF iδt+1t tuidtA
= t+1tR. (9)
Here, tV and tA corresponds to the volume at the pre-
vious equilibrium configuration, t+1t tS ij is the 2nd Pi-
ola–Kirchhoff stress tensor, t+1t tεij is the Green–Lagrange
strain tensor, t+1t tFi is the externally applied force, t+1t tui
is the displacement, δ is the variation operator and t+1tR
is the residual. On the LHS, the first term indicates the in-
ternal energy and the second term signifies the energy due
to externally applied forces. In the present simulation, the
dissolution and/or deposition induced pressure acts as the
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
t+1t
tF

. No other body force has
been taken into consideration (such as, gravity). We try
to minimize the residual term under any externally ap-
plied loading conditions. Minimizing the residual indicates
that all the external forces should be balanced by internal
forces. The Green–Lagrange strain tensor is written in an
expanded form as [28]:
t+1t
tεij = 12

∂tui
∂xj
+ ∂ tuj
∂xi
+ ∂ tuk
∂xi
∂ tuk
∂xj

. (10)
Here, summation over repeated exponent is implied. tui
signifies the incremental displacement from time step t
to t + 1t and xj corresponds to the spatial location. For
the updated Lagrangian lattice spring model being inves-
tigated here, the strain–displacement kinematic relations
and stress–strain constitutive relations should bemodified
such that they are applicable to one-dimensional spring
elements. The linear elastic relation between second Pi-
ola–Kirchhoff stress and Green–Lagrange strain along the
axial direction is taken into consideration [27]:
t+1t
tS11 = Ecathode · t+1t tε11. (11)
Here, ‘‘11’’ corresponds to the local ‘‘xx’’ or axial direction
and Ecathode signifies Young’s modulus along the axial
direction of the spring elements.
Formation of a microcrack is governed by the strain
energy stored within the spring element. If the energy in
an element exceeds its fracture threshold, it is considered
broken and irreversibly removed from the lattice network.
The strain energy of a spring element

ψn+1e

at the present
step (n+ 1) is estimated as:
ψn+1e = ψne +
1
2
1
⇀
f ·1⇀u . (12)
Here,1
⇀
f and1
⇀
u corresponds to the incremental internal
force and displacement of the lattice spring element,
respectively. Strain energy after the previous equilibrium
step is denoted byψne . The fracture threshold parameter is
randomly distributed according to a uniform distribution
around an average value.
The magnitude of mechanical volume contraction
and/or expansion (1ϵmech) is estimated using a post pro-
cessing technique. The overall computational procedure
can be summarized in the following fashion. First of all,
the dissolution/precipitation induced volume change is es-
timated from Eq. (7). The corresponding pressure that acts
on the inner pore walls is given by Eq. (8). By solving the
equilibrium equation (Eq. (9)), the mechanical component
of change in electrolyte porosity can be evaluated. This up-
dated magnitude of pore volume fraction affects not only
the electrochemically active surface area (av), but also the
electrolyte resistance (Rcell). Finally the cell voltage is esti-
mated using Eqs. (1)–(3). The effect of mechanical expan-
sion on the pore volume fraction and the overall cell per-
formance will be discussed next.
Modeling assumptions: In the present study, mechanical
volume expansion and the rupture of the carbon pore wall
have been approximated to occur only in the plane per-
pendicular to the thickness direction. It has been assumed
that the presence of a spring between the spacer grid andthe cap helps to maintain constant thickness within the
cathode (see Fig. 1(a)). However, during the dissolution
of solid sulfur (S8(s)) and precipitation of lithium-sulfide
(Li2S), compressive and expansive pressure forces act along
all the three directions of the cathode. The out-of-plane
elastic strain induced by the component of pressure along
the thickness direction will change the in-plane stress dis-
tribution. Hence, in-plane stress–strain analysis may not
be the most accurate solution procedure. However, as a
first approximation, this idealized methodology has been
adopted because of its computational simplicity. More ac-
curate models, considering three-dimensional expansion
(contraction) of the carbon cathode microstructure dur-
ing the precipitation (dissolution) process, are left as a fu-
ture exercise. The dissolution and/or precipitation induced
pressure acting on the pore wall are surface forces, which
has been equally distributed among the internal nodes of
the pore. As part of numerical implementation, the surface
force is applied at each node at the inner wall of the pores
as a point force (see [28]).
In the present study, the evolution of microcrack has
been modeled as the rupture and subsequent removal of
the lattice spring elements from the network. Nucleation
of few microcracks gives rise to spanning cracks. One
may wonder whether the stress singularity at the crack
tip would cause the crack front to propagate infinitely.
However, the stress singularity at the crack tip actually
appears as an artifact of the continuum elastic model. In
the present study, fracture is simulated using a discrete
lattice spring model. Due to the inherent discreteness of
the model employed, no singularity at the crack tip is
observed. In a realistic material, the inherent atomic level
discreteness results in relaxation of the stress singularity
at the crack tip. The exact magnitude of stress at the
crack tip depends on both the material parameters as
well as the resolution of the lattice spring network. Hence
the stress magnitude, exactly at the crack tip, estimated
by the methodology adopted here, may not provide the
accurate value. However, the model can correctly describe
the elastic field slightly far away from the crack tip [29].
3. Results and discussion
In the present simulation, the dissolution–precipitation
reaction is assumed to occur uniformly throughout the
thickness of the cathode microstructure. Because of the
plane strain assumption, the cathode thickness remains
constant and all the contraction/expansion occurs along
the transverse direction. Different RVEs from the cathode
microstructure are assumed to have pores of different
size, which has also been schematically demonstrated in
Fig. 1(c). The kinetic and thermodynamic parameters used
to run the simulations have been provided in Table 1.
The parameters used for the simulation of mechanical
expansion have been reported in Table 2.
One such RVE with only one pore is shown in Fig. 2(a),
which is subjected to tensile and compressive surface
force during the dissolution and/or precipitation process
(shown by the red arrow lines). Fig. 2(b) presents a
comparison between the changes in electrolyte porosity
with and without considering mechanical expansion. For
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List of thermodynamic, kinetic and electrochemical parameters.
Name Symbol Units Value Ref.
Exchange current density ji0,ref A/m2 1.972, 0.019, 0.019, 1.97× 10−4 , 1.97× 10−7 [2]
Reference concentration of species cref mol/m3 19.0, 0.178, 0.324, 0.02, 5.229× 10−7 , 8.267× 10−10 [2]
Cross-sectional area A m2 0.29 [16]
Cathode thickness l m 40.0× 10−6 [16]
Initial porosity ϵ0 – 0.6 –
Initial specific area av,0 m−1 132762 [2]
Initial Li+ concentration cLi+,0 mol/m3 1001.04 [16]
Initial conductivity σ0 S/m 2× 10−3 [16]
Proportionality factor b S–m2/mol 2.3× 10−7 –
Power law exponent ξ – 3.0 –
Partial molar volume VS8(s) , VLi2S(s) m
3/mol 1.239× 10−4 , 2.768× 10−5 [2]
Reaction rate constant kS8(s) , kLi2S(s) (differs) 1.0, 1.5× 10−5 [2,16]
Solubility product Ksp,S8(s) , Ksp,Li2S(s) (differs) 19.0, 1000.0 [2,16]Table 2
List of geometric and elastic parameters used in the mechanical simulation.
Name Symbol Units Value Ref.
Poisson’s ratio ν – 0.25 [30]
Length of each side of computational domain L m 40.0× 10−6 –
Porosity of RVEs used in mechanical simulations – – 0.4 –
Fracture threshold energy of carbon substrate ψe,t J/m2 2.0 [30]this particular simulation, the bulk modulus of electrolyte
has been assumed to be 2 GPa, elastic modulus of the
cathode material is 20 GPa and the discharge occurs at a
rate of 0.25 C. The dashed line indicates change in porosity
only considering the precipitation induced volume change
(shown in Eq. (7)). The solid line indicates variation in
electrolyte pore volume fraction when the mechanical
deformation induced change in volumehas also been taken
into account (shown in Eq. (6)).
During the discharge process of a lithium–sulfur cell,
the dissolution–precipitation induced change in volume
can be divided into threemajor regimes. All the three zones
have been properly demonstrated in Fig. 2(b). The first
one is the ‘‘hydrostatic compression’’, which occurs due
to the dissolution of solid sulfur. During the dissolution
process, application of compressive stress on top of the
cathodemicrostructure results in contraction of the carbon
substrate. Hence the electrolyte cannot see all the volume
that became available due to the dissolution of solid
sulfur. The deformed microstructures at two different
points of the discharge process have been shown using
‘‘A’’ and ‘‘B’’. Since the maximum amount of dissolution
occurs at ‘‘B’’, the microstructure experiences maximum
amount of hydrostatic stress, which also results in large
contraction. At point ‘‘B’’, the cathode experienced 4.2%
volume contraction due to mechanical deformation.
In the present simulation, the discharge has been
conducted at a very low C-rate of 0.25 C. Hence all
the solid sulfur got dissolved before the precipitation of
lithium sulfide (Li2S) started. The second zone can be
characterized as the ‘‘hydrostatic relaxation’’ regime. In
this region, due to the precipitation of lithium sulfide,
the carbon substrate relaxes and comes back to the
initial configuration. Since microcrack formation was
allowed, minor mechanical degradation was observed
during the ‘‘hydrostatic compression’’ phase. However, noadditional mechanical degradation has been reported in
the ‘‘hydrostatic relaxation’’ regime.
It is well known that when one mole of S8(s) converts
into eight moles of Li2S(s), it occupies 80% more volume
than the parent solid sulfur. Towards the end of the
discharge process, volume occupied by the precipitated
lithium sulfide exceeds the volume occupied by initially
present solid sulfur. At this point, the electrolyte inside the
cathode experiences higher internal pressure as compared
to the electrolyte outside the cathode microstructure.
Hence, the porous carbon substrate experiences a tensile
hydrostatic stress to maintain equilibrium, and expands
in size. In Fig. 2(b) this region is clearly denoted as the
‘‘hydrostatic tension’’ regime. The tensile hydrostatic stress
has been modeled as an outward surface force on the
inner pore walls (see Fig. 2(a)). Due to this expansion of
the carbon substrate, the pore volume fraction available
to the electrolyte also increases. Hence, the reduction in
electrolyte porosity is not as dramatic as predicted by the
precipitation reaction alone (compare Eqs. (6) and (7)).
The fact that incorporation of mechanical expansion can
increase the effective pore volume fraction has also been
clearly demonstrated in the ‘‘hydrostatic tension’’ regime
of Fig. 2(b) (compare the solid and dashed lines). Deformed
shape of the carbon microstructure at the middle and
end of the ‘‘hydrostatic tension’’ zone is shown at two
different points ‘‘C’’ and ‘‘D’’, respectively. At the end of
the discharge process (denoted by point ‘‘D’’), the cathode
microstructure expands by approximately 3.7% due to
mechanical deformation.
The carbon substrate used in the cathode can have
changing microstructure at various locations, which can
be characterized as different pore shapes and sizes. In
the present context, the authors have analyzed four dif-
ferent cathode microstructures characterized by different
366 P. Barai et al. / Extreme Mechanics Letters 9 (2016) 359–370Fig. 3. Mechanical volume expansion experienced by the four different
microstructures (denoted by different pore radius) at the end of the
discharge process. Change in microstructure volume depends on two
parameters (i) Bulk modulus of electrolyte, and (ii) Elastic modulus
of cathode microstructure. (a) With increasing bulk modulus of the
electrolyte, total amount of mechanical volume expansion increases. (b)
With increasing elastic modulus of the cathode substrate, the volume
expansion decreases. Microstructures with small pores experience less
mechanical expansion.
pore sizes ranging from 3.2 µm to 14.3 µm (schemati-
cally shown in Fig. 1(b)). Under low rates of operation,
the precipitation-induced strain can be assumed to be
uniform along the thickness of the cathode. Hence dif-
ferent cathode microstructures experience similar disso-
lution–precipitation induced pressure difference, which
eventually gets reflected as the hydrostatic compres-
sive/tensile force.
The net force that acts on top of the cathodemicrostruc-
ture is also a function of the bulk modulus of the elec-
trolyte (see Eq. (8)). Similarly, total amount of mechanical
volume expansion that the cathode microstructure expe-
riences should also be a function of the elastic modulus of
the carbon substrate. Fig. 3(a) plots themechanical volume
expansion (1ϵmech) at the end of discharge process experi-
enced by the four different cathode microstructures while
operating with electrolytes of different elastic properties.
Since the pressure difference is directly proportional to the
bulk modulus of the electrolyte, higher magnitude of Belec
results in enhanced volume expansion. For these simula-
tions, Young’s modulus of the cathode material has beenassumed to be 30 GPa (which is close to that observed in
carbon).
Determination of the exact value of the bulk modulus
of the electrolyte used in lithium–sulfur batteries is chal-
lenging. Lithium–sulfur batteries typically use a mixture
of 1,3-dioxolene (DOL) and 1,2-dimethoxyethane (DME)
in 1:1 volume ratio as the electrolyte solvent [31]. 1 M
lithium bis(trifluoromethane)sulfonimide (LiTFSI) is usu-
ally used as the electrolyte salt in lithium–sulfur batteries.
However, there is hardly any report in the literature on the
exact magnitude of bulk modulus of these three compo-
nents mixed together. It is also difficult to find the bulk
modulus of the individual components. On the contrary,
there are some reports in the literature that describe the
density (ρ) and speed of sound (us) for the DOL and DME
solvents. The bulk modulus (Bsolv) of a liquid is related to
the density and speed of sound in that liquid according to:
Bsolv = u2s · ρ. (13)
Following this relation it is possible to estimate the
effective hydrostatic stiffness of the solvents used in the
electrolyte solutions. Calculations using the data available
in the literature indicate that the bulk modulus of DOL
should be around 2.0 GPa [32]. Similar calculations with
the properties of DME indicates a bulk modulus of
1.2 GPa [33]. Simply mixing DOL and DME would lead
to an electrolyte solvent with hydrostatic stiffness much
smaller than 2.0 GPa. However, the mixture of 1M LiTFSI
salt is supposed to increase the overall elastic modulus of
the electrolyte. Depending on the concentration of the salt,
different elastic moduli can be experienced. Hence a range
of bulk moduli values, e.g. from 1 GPa to 4 GPa, has been
investigated here.
To increase the total volume, the entire cathode
microstructure has to be deformed significantly along
the direction of applied load. Hence, the elastic modulus
of the carbon substrate also affects the total amount of
volume expansion experienced by the cathode. Since it
is easy to deform a material with lower magnitude of
elastic modulus, increasing the stiffness of the cathode
decreases its mechanical volume expansion. Fig. 3(b)
clearly demonstrates that reducing the Young’s modulus
of the cathode substrate results in higher magnitude of
deformation induced volume expansion. One common
feature that has been observed in both Fig. 3(a) and
(b) is that lowering the size of the pore results in
smaller volume expansion of the cathode microstructure.
However, smaller pore size also leads to thinner pore
walls, which are prone to rupture under externally applied
load. Fortunately, in the present context no pore wall
failure has been observed under low rates of operation
for the microstructure with the smallest pore size. Hence,
microstructures with small pore sizes are desired from the
perspective of mechanical stability.
Once we have been able to estimate the volume
expansion that a cathode microstructure experiences, it is
important to characterize the impact of this mechanical
deformation on the performance of a lithium–sulfur cell.
Fig. 4(a) demonstrates the voltage vs. capacity curve for
the single poremicrostructure at three different C-rates (1,
0.5 and 0.25 C). Higher overpotential experienced under
P. Barai et al. / Extreme Mechanics Letters 9 (2016) 359–370 367Fig. 4. (a) Cell performance at three different C-rates for a particular microstructure with and without mechanical expansion. (b) Voltage profile
experienced by different microstructures operating at C/2. Microstructures that experience enhanced volume change, tends to produce a more straight
second plateau. (c) Variation in microstructural porosity during discharge at rates of C/2 and 1 C. Inclusion of mechanical deformation results in less
variation of cell porosity. (d) Cell resistance during the discharge process at rates of C/2 and 1 C. Incorporation of mechanical deformation increases the cell
resistance in the first two-third of the discharge process. Towards the end, the cell resistance decreases significantly. For (c) and (d), the microstructure
with single pore has been considered.larger rates of current results in decreased voltage of the
lithium–sulfur cell. As reported in Fig. 2(b), incorporation
of mechanical deformation decreases the extent of pore
volume change experienced by the cathode substrate both
during dissolution of S8(s) and precipitation of Li2S(s).
Within the first plateau of the discharge curve (dissolution
of solid sulfur occurs here), mechanical deformation has
less impact on the cell performance (both the solid
and the dashed lines almost overlap on top of each
other). However, in the ‘‘hydrostatic relaxation’’ and
‘‘hydrostatic tension’’ regime, incorporation of mechanical
deformation decreases and increases the specific surface
area, respectively. Hence, in the second plateau (which
is characterized by the precipitation of lithium sulfide),
addition of mechanical deformation initially decreases the
cell voltage. Eventually towards the end of the discharge
process, cell voltage observed with volume expansion
increases above that experienced without mechanical
expansion (see the solid and dashed lines in Fig. 4(a)).
Impact of different pore microstructure on the perfor-
mance curve has been reported in Fig. 4(b). Microstruc-
tures with the same pore volume fraction but different
pore size expand by different amount even under similarexternally applied pressure force (see Fig. 3(a) and (b)).
Hence different microstructures lead to different perfor-
mance curves while operating at the same C-rate. Fig. 4(b)
shows the voltage vs. capacity curves experienced by dif-
ferent microstructures while operating at 0.5 C. For this
simulation, the electrolyte bulk and cathode Young’s mod-
ulus has been assumed to be 2 GPa and 20 GPa, respec-
tively. During the dissolution of solid sulfur, mechanical
expansion has negligible impact on the cell performance.
However, in the beginning of the secondplateau, high com-
pression lowers the cell voltage due to reduced active elec-
trochemical surface area. Similarly, towards the end of the
discharge process, mechanical expansion (due to precipi-
tation of lithium sulfide) increases the specific surface and
eventually enhances cell voltage. Hence, microstructures
that deform by a significant amount during the dissolu-
tion–precipitation process, result in a relatively flat second
plateau.
Variation in cell porosity at lower rates has been
discussed in Fig. 2(b). Even at higher rates of 0.5 and 1 C, the
cell porosity initially increases due to dissolution of solid
sulfur and later on decreases because of the precipitation
of Li2S(s). Fig. 4(c) demonstrates that incorporation of
368 P. Barai et al. / Extreme Mechanics Letters 9 (2016) 359–370Fig. 5. Effect of pore confinement: Due to excessive precipitation of lithium sulfide (Li2S), some pores can experience severe volume expansion. Precipitation
induced strain can be as large as 50% in those pores. Microstructure walls can also rupture under severe hydrostatic expansion. (a) Total amount of
volume expansion experienced by four different microstructures at precipitation induced strain 1εprecip = 0.5. (b), (c) and (d) indicates how the three
microstructures with average pore size 6.4µm, 4.5µm and 3.2µm, respectively, look after precipitation induced strain of 0.5. Fracture can be observed in
the walls of almost all the microstructures (denoted by red circle). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)mechanical deformation decreases the extent of change in
cell porosity experienced by the electrolyte. For example,
without mechanical expansion at 1 C the electrolyte pore
volume fraction increases from 0.6 to 0.73 (dissolution
process) and then decreases to 0.47 (precipitation process).
Incorporation of mechanical deformation results in a more
stable pore volume fraction, which increases from 0.6 to
0.68 at the time of dissolution and decreases to 0.51 due to
precipitation. Since the dissolution–precipitation process
is governed by a chemical reaction and does not depend
on the electrochemical rate, the final pore volume fraction
of 0.51 is independent of the rate of operation.
Fig. 4(d) describes the variation in cell resistance during
the discharge process. As clearly mentioned in Eq. (4), Rcell
is a complex function of lithium concentration and pore
volume fraction. As a result, a complicated variation in
the cell resistance is reported in Fig. 4(d). Incorporation of
mechanical deformation increases the cell resistance in the
first two-third of the discharge process. However towards
the end, when the cell expands due to precipitation-
induced stress, incorporation of mechanical deformation
results in reduced magnitude of the cell resistance.Pore confinement effect: In the present analysis, it has
been assumed that dissolution of solid sulfur andprecipita-
tion of lithium sulfide occurs in a uniform fashion through-
out the thickness of the cathode microstructure. However,
this assumption may not be applicable all the time. Due
to manufacturing flaws it is possible to have extremely
small pores or void spaces that are relatively disconnected
from the rest of the pore network. At relatively higher
rates of discharge (such as 1 C), some of these pores within
the carbon microstructure experiences excessive precip-
itation of Li2S(s) that can easily exceed the global aver-
age value. In the present simulation, the maximum pre-
cipitation induced strain is 1ϵprecip,max = 0.14 observed
at the end of the discharge process. Excessive precipita-
tion

1ϵprecip ≈ 0.5

and blockage of pores far beyond the
global average value can be characterized as ‘‘pore con-
finement’’ [34].Mechanical deformation is directly propor-
tional to the precipitation-induced strain. Hence, portions
of the cathode microstructure that experience pore con-
finement effect are subjected to severe hydrostatic tensile
stress that results in excessive volume expansion. Fig. 5(a)
demonstrates the total amount of mechanical expansion
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unanticipated pore confinement effect and precipitation
induced strain of 0.5. The bulk modulus of the electrolyte
and elastic modulus of the cathode substrate has been as-
sumed to be 2 GPa and 30 GPa, respectively. The corre-
sponding deformed shape of the cathodemicrostructure is
shown in Fig. 5(b), (c) and (d). To accommodate the large
volume change, it is possible to have rupture in the thin-
ner portions of the pore wall. Such mechanical degrada-
tion has been observed in all the three Fig. 5(b), (c) and (d),
which is highlighted using a red circle. Cracks in the carbon
substrate allows for additional pathway for the electrolyte
to flow around. Such cracks in the cathode microstructure
during discharge process have been observed experimen-
tally [35]. These newly developed pathways are supposed
to be responsible for continued electrochemical reaction
observed in lithium–sulfur batteries, even though insulat-
ing lithium sulfide precipitates cover majority of the cath-
ode microstructure [35].
4. Conclusion
Sulfur based cathode materials are supposed to be the
future of lithium ion batteries because of their very high
practical energy density (∼500 Wh/kg) [3]. During the
discharge process, dissolution of solid sulfur (S8(s)) and
precipitation of lithium sulfide (Li2S(s)) induces significant
amount of compressive and tensile stresses on the carbon
substrate [8]. Mechanical deformation induced volume
contraction and expansion can significantly affect the pore
volume fraction available to the electrolyte [4,20]. None
of the lithium–sulfur performance models available in
the literature take into account the impact of mechanical
volume expansion on voltage evolution of the cell.
A lattice spring based computational methodology has
been developed that is capable of estimating the mechan-
ical deformation induced volume change experienced by
lithium–sulfur cells during the discharge process. The ad-
vantage of using lattice spring based methods emerges
from the fact that it is capable of estimating the mechan-
ical degradation, which is readily observed in the carbon
substrate of lithium–sulfur cells [35]. Deformation induced
volume expansion impacts pore volume fraction and spe-
cific surface area of the electrochemical cell. To capture
the effect on cell voltage, a zero dimensional performance
model has been adopted from the literature and modified
to account for stress induced volume changes [16].
The results indicate that in the first one third of the
discharge curve (which is governed by the dissolution
of solid sulfur), mechanical volume change has minor
impact on the overall cell voltage. However, in the
second plateau (dictated by the precipitation of lithium
sulfide), the cell voltage decreases in the beginning due to
contraction and increases at the end because of expansion
of the carbon microstructure. Analysis of microstructures
containing different pore sizes indicates that pores of
smaller size experience less volume change during the
dissolution/precipitation process.
Blockage of pores is possible due to excessive precipi-
tation of lithium sulfide in a confined space, which is char-
acterized as ‘‘pore confinement effect’’. Severe volume ex-
pansion because of pore confinement can lead to fracturein the pore walls (see Fig. 5(b)–(d)). However, these new
pathways of electrolyte transport through the ruptured
pore walls can be beneficial to continue operation of the
lithium–sulfur cell [35].
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